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Microscopic structure of the one-phonon 2+ states of 208Po
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The lifetimes of the 2+
1 and 4+

1 states of 208Po were measured in the α-transfer reaction 204Pb(12C, 8Be) 208Po
by γ -ray spectroscopy utilizing the recoil distance Doppler shift method. The newly extracted transition strengths
alongside ones of the decay of the 2+

2 state were compared to the results of large-scale shell-model calculations
using an effective interaction derived from the realistic CD-Bonn nucleon-nucleon potential. The comparison
indicates the importance of the quadrupole isovector excitations in the valence shell for a fine tuning of the
two-body matrix elements of the shell-model interaction.
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I. INTRODUCTION AND MOTIVATION

The atomic nucleus as a two-fluid many-body quantum
system provides a unique laboratory for studying different
quantum phenomena. Among them, the appearance and the
different forms of manifestation of nuclear quadrupole col-
lectivity still attract significant interest. This is particularly
true for collective states in even-even nuclei in the vicinity
of double magic nuclei, where the relatively small number
of valence particles (holes) allows a description of their low-
lying collective states in the shell-model framework [1,2].
The comparison of shell-model results with experimental data
reveals the microscopic structure of these states and allows
one to identify and, eventually, adjust the two-body matrix
elements of the effective shell-model interaction which give
rise to the configuration mixing responsible for the observed
properties of the collective states.

In general, collective excitations can be considered as a co-
herent movement of valence nucleons caused by the residual
interaction, dominated by the proton-neutron interaction [3].
One of the simplest manifestations of these excitations in
weakly collective open-shell even-even nuclei are the one-
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phonon 2+ vibrational states. Due to the two-fluid nature
of the nuclear matter they appear as a symmetric [the one-
phonon 2+

1 fully symmetric state (FSS)] or an antisymmetric
[the so called mixed symmetry state (MSS), 2+

1,ms] combina-
tion of the involved proton and neutron configurations [4,5].
These two distinct forms of one-phonon 2+ states are built on
identical configurations, the only difference being the relative
sign between the involved proton and neutron configurations.
The MSSs may provide good probe to investigate the compo-
nents of the effective proton-neutron interaction which lead to
the formation of collective isovector excitations.

Because of its isovector nature, the one-phonon 2+
1,ms state

decays with a strong M1 transition to the 2+
1 state and with

a weak E2 transition to the ground state. This unique decay
serves as a signature for experimental identification of the
one-phonon 2+

1,ms states [6]. Such states have been observed
throughout the table of isotopes, and the best examples of
one-phonon MSSs are found in the mass A ≈ 90 region [6,7].
Several MSSs are also present in the mass A ≈ 130 region
[6,8–13]. Recently, a few examples of MSSs have been found
in weakly collective nuclei around the doubly-magic core
208Pb [14–17].

Although the experimental data for one-phonon MSSs are
relatively abundant, a limited number of attempts to under-
stand their electromagnetic properties in terms of microscopic
models is available. Calculations are usually carried out either
in the framework of the quasiparticle-phonon model [18] or
in the framework of the nuclear shell model [19]. There are
several studies of one-phonon MSSs in the mass A ≈ 90 and
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FIG. 1. (a) The projection of the particle-γ matrix obtained at plunger distance (D = 34 μm) by coincident detection of charged particles
in the solar-cell array and γ rays at a polar angle �γ = 142◦. The marked ranges represent parts of the particle spectrum found to be in
coincidence with the γ rays from the indicated nuclei. (b) The γ -ray spectrum in coincidence with the group of particles labeled as “208Po,
185Re” in panel (a).

A ≈ 130 regions within the realistic shell model [11,20–24].
For A ≈ 208 the one-phonon MSS of 212Po is described in
the framework of a single- j shell model calculations [14] as
it has been shown that the isovector character of the 2+

1,ms

of 212Po appears solely from the leading single-particle va-
lence shell configuration. In this respect, the relatively low
B(M1; 2+

1,ms → 2+
1 ), compared to the ones in the cases of

single-isolated MSSs, observed in 212Po [14] can be attributed
to the low quadrupole collectivity in this nucleus [25]. In 208Po
which is the neutron particle-hole mirror of 212Po, a similar
low B(M1) strength between the 2+

2 and the 2+
1 states has been

observed [17]. On this basis the 2+
2 state of 208Po has been

assumed to be a fragment of the one-phonon mixed-symmetry
state. However, as has been noted in Ref. [17], experimental
data on the B(E2; 2+

1 → 0+
1 ) state and detailed shell-model

calculations are needed to confirm this conjecture. To infer
the isovector nature of the 2+

2 state of 208Po based on shell-
model calculations it is necessary to demonstrate that the
calculations are capable of reproducing, at least qualitatively,
the electromagnetic properties of both 2+

1 and the 2+
2 states

of 208Po. Up to know the experimental lifetime of the 2+
1

state of 208Po is not known. In the present study, we report
the first experimental measurement on the lifetime of the 2+

1
state of 208Po, as well as results from large-scale shell-model
calculations which reveal a significant isovector component in
the structure of the 2+

2 state of 208Po.

II. EXPERIMENTAL SETUP

The experiment was performed at the FN Tandem fa-
cility of the University of Cologne. The mean lifetime of
the 2+

1 state of 208Po was measured by utilizing the recoil
distance Doppler shift (RDDS) method [26,27]. The excited
states of 208Po were populated using the α-transfer reaction
204Pb(12C, 8Be) 208Po at a beam energy of 62 MeV. The target
consisted of a 0.6 mg/cm2 thin layer of 204Pb (99.94% I. E.)

evaporated on a 1.5 mg/cm2 thick Ta backing foil and was
placed with the Ta foil facing the beam. The stopper was a
self-supporting 5.8 mg/cm2 thick Ta foil. Data were taken at
seven plunger distances: 19(3), 34(3), 57(3), 91(3), 115(3),
208(4), and 309(4) μm. The reaction was induced inside the
chamber of the Cologne plunger device [28] in which an array
of solar cells was mounted. The solar cells were positioned at
backward angles with respect to the beam direction. The solar
cell array consisted of six 10 mm × 10 mm cells placed at a
distance of about 15 mm between their centers and the target
covering an angular range between 115◦ and 165◦. The solar
cells were used to detect the recoiling light reaction fragments.
8Be decays immediately after the reaction to two α particles.
In order to detect these α particles while stopping the heavier
fragments from other transfer reaction channels, an Al foil
with a thickness of 80 μm was placed between the target and
the solar cells. The γ rays from the decay of the excited states
of 208Po were registered by eleven high purity germanium
(HPGe) detectors mounted outside the plunger chamber in
two rings at an average distance of 12 cm from the target. Five
detectors were positioned at 142◦ with respect to the beam
direction and the other six detectors were placed at 45◦ with
respect to the beam direction.

III. DATA ANALYSIS AND RESULTS

The data were sorted offline in coincidences of at least
one solar cell and one HPGe detector (particle-γ ). Overall 14
particle-γ matrices were sorted depending on the positions of
the HPGe detectors and the plunger distances. A projection
on the particle axis of the particle-γ matrix obtained with
γ -ray detection at 142◦ at a plunger distance of 34 μm is
shown in Fig. 1(a) as an example. The γ rays in coincidence
with the group of particles labeled as “208Po, 185Re” (the blue
dashed box) in Fig. 1(a) are shown in Fig. 1(b). In this spec-
trum only a few transitions from excited states of the nucleus
185Re are observed. This nucleus is produced by the α-transfer
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FIG. 2. Examples of the evolution of the intensities of the Doppler-shifted peaks of the 686-keV (2+
1 → 0+

1 ) and 660-keV (4+
1 → 2+

1 )
transitions observed at backward angles (a) and at forward angles (b) for three different target-to-stopper distances. The dot-dashed lines (red)
represent the positions of the Doppler-shifted peak and the dashed lines (blue) represent the unshifted peak positions.

reaction 181Ta(12C, 8Be) 185Re in the backing and/or in the
stopper. However, the spectrum in Fig. 1(b) is dominated by
the 686- and 660-keV lines, which are the γ -ray transitions
depopulating the first two excited yrast states of 208Po [29].
Moreover, both transitions have well pronounced Doppler-
shifted components which evolve as a function of plunger
distance; see Fig. 2. This figure shows particle-gated γ -ray
spectra of the 2+

1 → 0+
1 (686-keV) and 4+

1 → 2+
1 (660-keV)

transitions observed at backward (a) and forward (b) angles at
three different distances. The increase of the intensities of the
shifted components with increasing target-to-stopper distance
is apparent for both transitions and allows the determination
of the lifetimes of the 2+

1 and 4+
1 states of 208Po.

The lifetime analysis was performed with the differen-
tial decay curve method (DDCM) [30,31]. According to this
method the intensities of the shifted (Ish) and unshifted (Iun)
components (for each distance) have to be measured from

spectra in coincidence with Doppler-shifted components of
transitions which feed directly the state of interest. Then the
lifetime τi of the level of interest for the ith plunger distance
can be calculated via [30,31]

τi(x) = Iun(x)

〈v〉 d
dx Ish(x)

. (1)

In the present analysis the determination of the lifetime
by Eq. (1) is obtained by the program NAPATAU [32], which
fits the intensity of the shifted components and calculates
over separate intervals the time derivative of that curve. The
trend of the time derivative is then adapted to the trend of the
unshifted peak intensities. This application of DDCM requires
analyzing particle-γ -γ data for the present experiment, which
is not possible at the collected level of statistics. However,
the particular feeding pattern of the 2+

1 and 4+
1 states of 208Po

allows this problem to be circumvented as described below.
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FIG. 3. Partial level scheme of 208Po showing the excited states,
which feed the 2+

1 and 4+
1 states directly. The presented levels are

based on the level scheme in our previous study; see Ref. [17]. The
thicknesses of the arrows are proportional to the observed γ -ray
intensities.

The presented particle-gated γ -ray spectra are, in fact,
singles spectra. Such spectra contain principally information
for the so-called effective lifetime of the state of interest.
The effective lifetime aggregates the mean lifetime of the
state and the partial lifetimes of all states decaying to it.
Therefore, the intensities of the Ish and Iun components of
the 686-keV (2+

1 → 0+
1 ) and 660-keV (4+

1 → 2+
1 ) transitions

derived from the spectra in Fig. 2 have to be corrected for

the effects of the transitions feeding both states. In contrast
to fusion-evaporation reactions, the α-transfer reaction as a
direct reaction populate only discrete states. Therefore, in the
present analysis it was considered that slow feeding contribu-
tions to the effective lifetimes of excited levels of 208Po can
originate only from discrete decays of higher-lying states, as
suggested in Ref. [33]. The partial level scheme representing
transitions directly populating the 2+

1 and 4+
1 states of 208Po

is shown in Fig. 3. The depicted levels are those that have
been populated in our previous study; see Ref. [17]. In the
present data, however, only the most intensive transitions can
clearly be observed [cf. Fig. 1(b)]. In order to estimate the
relative contributions of the feeding transitions to the inten-
sities of the 686-keV and 660-keV lines we used the data
from the previous measurement [17] which has utilized also
the α-transfer reaction 204Pb(12C, 8Be) 208Po at a beam energy
of 62 MeV. As a result, we can expect similar relative pop-
ulation of the excited states of 208Po. Indeed, the data from
Ref. [17] show that 38.0(3)% from the feeding of the 2+

1 state
is coming from the 4+

1 → 2+
1 transition which is in agreement

with the data from the present experiment where this feeding
is determined to be 40(4)%. Since the decay of the 4+

1 state
is the only well visible feeder to the 2+

1 in the present data,
the feeding states for the states of interest are taken from
Ref. [17].

FIG. 4. The lifetime of the 2+
1 state of 208Po determined at forward (a) and backward angles (b). In the middle panels the shifted intensities

at different plunger distances are presented, and in the region of sensitivity continuous curves are fitted to calculate the derivative. In the
bottom panels, curves that represent the product between the time derivatives of the shifted intensities and the lifetime of the state of interest
are compared with the experimental unshifted intensities. In the upper panels, the lifetimes corresponding to each distance in the region of
sensitivity are extracted. The horizontal lines represent the weighted mean values.
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FIG. 5. Analogous to Fig. 4 but for the lifetime of the 4+
1 state of 208Po.

Using the γ -γ and the γ -particle coincidence data from
the experiment in Ref. [17] we have estimated that 66% of
the feeding of the 2+

1 state originates from the states depicted
in Fig. 3 as follows: 38% from the 660-keV transition, 9%
from the 897-keV transition, 8% from the 734-keV transition,
6% from the 576-keV transition, 4% from the 853-keV tran-
sition, and 1% from the 1309-keV transition. Besides these
levels there is only one other state observed up to date that
decays directly to the 2+

1 state of 208Po, namely the 0+
2 state

at excitation energy 1271.6 keV [29]. Because the 585.1-keV
(0+

2 → 2+
1 ) transition is not observed in the data from our

previous study [17], the remaining 34% of the intensity of
the 686-keV transition is considered to originate from a direct
population of the 2+

1 state.
The lifetimes of the 2+

2 and 4+
2 states of the nucleus 208Po

were measured in our previous study [17]. They were deter-
mined to be 1.17(14) and 3.4(9) ps, respectively, which means
that their contribution could be accepted only as fast feeding
of the 2+

1 state. The lifetimes of the 3+
1 , 2+

3 , and (2−, 3−)
states are not known and cannot be determined from any of
the available data sets. In order to simplify the discussion at
this moment we assume that their lifetimes are short enough
so that they decay only in flight. Under this assumption the
only essential feeder to the 2+

1 state remains the 660-keV
transition, which depopulates the 4+

1 state of 208Po. As can
be seen from Fig. 2, the 660-keV line has Doppler-shifted
and stopped (unshifted) components. Hence, the contribution
coming from the decay of the 4+

1 state to the 2+
1 state could

not be accepted either as fast or as slow feeding. In order

to determine correctly the intensity of the unshifted compo-
nent of the 686-keV transition, the additional counts coming
from the 4+

1 excited state when the nucleus is at rest have to
be taken into account. In our analysis this was achieved by
subtracting the efficiency-corrected number of counts in the
stopped component of the 660-keV line out of the efficiency-
corrected number of counts in the stopped component of the
686-keV transition. The intensities of the shifted components
of the 686-keV transition being directly determined from the
particle-gated spectra should not be corrected by the feeding
transitions. Hence, the intensities of the shifted and unshifted
components of the 686-keV line being extracted with the
procedure described above can be considered as effectively
derived from γ -ray spectra in coincidence with the shifted
components of all transitions directly feeding the state of
interest. Therefore, they can be used to determine the lifetime
of the 2+

1 state of 208Po. Since the evolution of the intensities
of the shifted and unshifted components must be compared at
each target-to-stopper distance in order to extract the lifetime
of the level of interest, it is necessary that they refer to the
same number of recoiling nuclei produced in the reaction. In
our analysis the normalization factors for each distance were
determined from the total number of counts of the Ish and Iun

components of the transition decaying the state of interest.
In order to eliminate the influence of the lifetime of the 4+

1
state, i.e., the evolution of the Ish and Iun components of the
660-keV line, the normalization for the 686-keV transition
was done after the correction of the intensities of its stopped
components.
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TABLE I. Calculated and experimental excitation energies (in
keV) of 208Po. See text for details.

Jπ Expt Calc1 Calc2

0+ 0.0 0.0 0.0
2+ 687 769 850
2+ 1263 1163 1160
4+ 1347 1414 1366
6+ 1524 1520 1465
8+ 1528 1592 1538

To proceed with the DDCM analysis the mean velocity
of the recoiling nuclei 〈v〉 has to be known. This value was
experimentally determined from the centroids of the shifted
and the unshifted components of the 686-keV transition to
be 〈v〉 = 0.75(7)%c. The DDCM analysis for the lifetime of
the 2+

1 state extracted with the procedure described above is
presented in Fig. 4 for forward (a) and backward (b) angles.
The average value between both results gives the value of
27(2) ps for the lifetime of the 2+

1 state of 208Po.
It has to be noted that the only assumption in the deriva-

tion of the result above which is not directly supported by
experimental observations is that the 3+

1 , 2+
3 , and (2−, 3−)

states are short-lived. In order to investigate the influence of
these feeders on the lifetime of the 2+

1 state further, we also
considered the alternative limit that they are long-lived and
decay exclusively at rest. Then an additional reduction of the
intensity of the stopped component of the 686-keV line was
done. The Iun component was reduced by 13% of the total
intensity, which accounts for the intensities of the 734-, 853-,
and 1309-keV transitions. This alternative approach reduces
the obtained lifetime of the 2+

1 to 15(2) ps. The average value
of the two limits gives the value of 21 ps with a statistical
uncertainty of 2 ps and an additional systematic uncertainty of
8 ps. As the final value for the lifetime of the 2+

1 we adopted

TABLE II. Calculated and experimental reduced transition prob-
abilities and moments in 208Po. The B(E2) values are given in e2fm4,
the B(M1) in μ2

N , the quadrupole moments in e fm2, and the magnetic
moments μ are in μN . See text for details.

Quantity Expt Calc1 Calc2

μ(6+) +5.3(6)a +5.7 +5.7
μ(8+) +7.37(5)a +7.66 +7.66
Q(8+) 90(4)a −76 −72
B(E2; 2+

1 → 0+
1 ) 252(96)b 388 420

B(E2; 4+
1 → 2+

1 ) 53(13)b 68 92
B(E2; 6+

1 → 4+
1 ) 410(29)a 350 327

B(E2; 8+
1 → 6+

1 ) 468(37)a 122 155
B(E2; 2+

2 → 0+
1 ) 85(13)c 163 154

B(E2; 2+
2 → 2+

1 ) �1158(139)c 16 5
B(M1; 2+

2 → 2+
1 ) �0.116(14)c 0.02 0.123

�0.143(17)c

aFrom Ref. [29].
bFrom the present work.
cFrom Ref. [17].

the value of 21(8) ps. Taking into account the known electron
conversion coefficient for the 2+

1 → 0+
1 transition of 208Po

[29] and the newly determined lifetime of the 2+
1 state, the

absolute transition strength was calculated to be B(E2; 2+
1 →

0+
1 ) = 252(96) e2fm4 = 3.4(13) W.u.

The lifetime of the 4+
1 state of 208Po was determined in

an analogous way to the analysis for measuring the lifetime
of the 2+

1 state. We have estimated that 29% of the feeding
of the 4+

1 state originates from the states depicted in Fig. 3
as follows: 23% from the 178-keV transition, 2% from the
803-keV transition, 2% from the 936-keV transition, and 2%
from the 947-keV transition. Since the 660-keV (4+

1 → 2+
1 )

transitions was not observed in coincidence with any tran-
sitions from higher-lying states or other unknown γ rays,
the remaining 71% of the intensity of the 660-keV transition
is considered to originate from a direct population of the
4+

1 state. The half-life of the 6+
1 of 208Po is known to be

4.01(25) ns (cf. Ref. [29]; this value is based on weighted
average of values from [34–36]). Hence, the decay of this state
contributes only to the stopped component of the 660-keV
transition and the intensity of the unshifted 660-keV line had
to be reduced by 23% of the total intensity. The lifetime of
the (3+, 4+, 5+) state at excitation energy 2149 keV of the
nucleus 208Po was measured to be 0.47(5) ps [17], i.e., its
contribution could be accepted only as fast feeding of the
4+

1 state. The lifetimes of the remaining two states feeding
directly the 4+

1 state (see Fig. 3) are not known and cannot
be determined from any of the available data sets. Similar
to the analysis for the lifetime of the 2+

1 state, we assumed
both alternative limits. First, we assumed that these feeders are
short-lived and decay only in flight. Then we have considered
that they decay only at rest and an additional reduction of the
Iun component by 4% of the total intensity of the 660-keV line
has been done. Figure 5 represents the DDCM analysis for
the lifetime of the 4+

1 state for forward (a) and backward (b)
angles when the feeders are considered to be short-lived. The
average value between the two results gives for the lifetime
of the 4+

1 the value of 133(17) ps. The alternative approach
reduces the obtained lifetime of the 4+

1 state to 111(16) ps.
The average value of the two limits gives the value of 122
ps with a statistical uncertainty of 12 ps and an additional
systematic uncertainty of 28 ps. For the final value of the
4+

1 state of 208Po we adopted the value of 122(30) ps. This
value is in good agreement with the value of 125(35) ps which
is extracted in [37]. Taking into account the known electron
conversion coefficient for the 4+

1 → 2+
1 transition of 208Po

[29] we have calculated the absolute transition strength to be
B(E2; 4+

1 → 2+
1 ) = 53(13) e2fm4 = 0.72(18) W.u.

IV. DISCUSSION

In order to study the low-energy states of 208Po and in
particular to investigate the structure of the yrast and yrar
2+ states, we have performed shell-model calculations by
considering 208Pb as closed core and by using the model
space spanned by the 2p3/2, 2p1/2, 1 f7/2, 1 f5/2, 0h9/2, 0i13/2

orbitals for the two protonvalence particles and the two
neutron valence holes. Results are obtained by using the shell-
model code KSHELL [38] and adopting the same theoretical
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FIG. 6. Calculated and experimental B(E2; 8+ → 6+) (in e2fm4)
for Po isotopes from A = 204 to 210. The experimental B(E2) values
are taken from Ref. [45] for 210Po, from Ref. [29] for 208Po, from
Ref. [46] for 206Po, and from Ref. [47] for 204Po.

framework as in our previous study of 209Po [39]. More
precisely, the two-body matrix elements of the effective
Hamiltonian are derived by means of the Q̂-box folded-
diagram approach [40] starting from the realistic CD-Bonn
nucleon-nucleon potential [41] renormalized by way of the
Vlow-k approach [42]. The Coulomb term for the proton-proton
interaction is also included. The proton and neutron one-body
component of the effective Hamiltonian are set by reference to
the experimental spectra of 209Bi [43] and 207Pb [44], respec-
tively. More details are presented in [39]. In this paper we also
briefly discussed our choice of the effective charges and effec-
tive gyromagnetic factors, whose values are reported here for
completeness, eπ = 1.5e, eν = 0.92e, gl

π = 1.2, gl
ν = −0.2,

gs
π,ν = 0.7(gs

π,ν )bare.
The theoretical spectrum and electromagnetic properties,

labeled as Calc1, are compared with the experimental data,
labeled as Expt, in Tables I and II, respectively. The cal-
culated excitation energies are in good agreement with the

experimental values, with discrepancies ranging from few
keV to at most 100 keV. As concerns the B(E2; 2+

1 → 0+
1 )

and B(E2; 4+
1 → 2+

1 ) measured in the present experiment, we
see that they are reasonably well reproduced by the theory, the
calculated values falling just narrowly out of the experimental
error range. This is also the case of the other electromagnetic
properties reported in Table II, the only exceptions being
transitions from the 8+ and the second 2+ states.

The value of the B(E2; 8+
1 → 6+

1 ) is in fact underestimated
by a factor 4. This result is in contrast with the nice agree-
ment we find for the available measured moments of the 8+
and 6+ states in 208Po as well as for the corresponding E2
transition rates in neighboring Po isotopes. The calculated
B(E2; 8+ → 6+) from 204Po to 210Po are reported in Fig. 6
and compared with experimental data. Theoretical results fol-
low approximately a straight line slightly increasing towards
lighter Po isotopes, while experimental data show a large peak
at 208Po which implies a change in the nature of the involved
states that is not predicted by theory.

A more detailed discussion is deserved for the 2+
2 state.

The observed B(M1; 2+
2 → 2+

1 ) and B(E2; 2+
2 → 0+

1 ) suggest
that the 2+

2 state could have a rather significant overlap with
the one-phonon MSS, containing an equal amount of the two-
proton and two-neutron components with opposite signs. In
fact, experimental data show that the B(E2; 2+

2 → 0+
1 ) is a

factor 3 smaller than the B(E2; 2+
1 → 0+

1 ), and the 2+
2 → 2+

1
decay is dominated by the M1 transition [17]. This finding,
however, is not confirmed by the calculations. In particular,
the experimental B(M1; 2+

2 → 2+
1 ) is significantly underesti-

mated by theory which may indicate some inaccuracies in the
structure we predict for the second 2+ state.

To better clarify this point, we have written the 0+
1 , 2+

1 , and
2+

2 wave functions in terms of two proton particles coupled
to two neutron holes, namely we have used the | 210Po〉 ⊗
| 206Pb〉 basis states:

| 208Po; 0+
gs〉 = 0.99| 206Pb; 0+

gs〉 ⊗ | 210Po; 0+
gs〉, (2)

| 208Po; 2+
1 〉 = 0.95| 206Pb; 2+

1 〉 ⊗ | 210Po; 0+
gs〉 + 0.25|206Pb; 0+

gs〉 ⊗ |210Po; 2+
1 〉, (3)

| 208Po; 2+
2 〉 = 0.20| 206Pb; 2+

1 〉 ⊗ | 210Po; 0+
gs〉 − 0.62| 206Pb; 0+

gs〉 ⊗ | 210Po; 2+
1 〉 − 0.74|206Pb; 2+

2 〉 ⊗ | 210Po; 0+
gs〉, (4)

where only components larger than 0.05 are reported.
The leading component of the 2+

1 wave function is 90%
Jν = 2, Jπ = 0, while the probability of the Jν = 0, Jπ = 2
component is smaller by a factor of about 14 (remaining terms
covering ≈3%). This asymmetric superposition may be traced
to the weakness of proton-neutron correlations in overcoming
the energy difference between the two 2+ yrast states in 206Pb
and 210Po, which lie at 803 and 1181 keV, respectively.

This is also the case in 136Te, with two valence protons and
two valence neutrons with respect to 132Sn, whose 2+

1 wave
function was found to be characterized by neutron dominance
[21,48,49]. The 2+

1 state of 132Te can be instead identified with
a FSS, with almost equal contributions from the neutron 2+

1
excitation of 130Sn and the proton 2+

1 excitation of 134Te [11].

As expected, the 2+
2 state does not exhibit a mixed symme-

try character. Its overlap with the one-phonon MSS is only
0.58 (34%), while the yrast 2+ state, although showing an
unbalanced proton-neutron character, is dominated by the FSS
up to 73%. In fact, we find that two components arising from
the 2+

2 of 206Pb and the 2+
1 of 210Po contribute with almost the

same weight to the 2+
2 wave function of 208Po.

This result may point out to some inaccuracy in the matrix
elements of our effective interaction, and in particular of the
neutron-proton ones. A similar conclusion was reached for the
off-diagonal matrix elements of the proton-neutron effective
interaction in [39], where results of 209Po were discussed.

On these bases, we have introduced empirical readjust-
ments of the interaction matrix elements in the neutron-proton
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channel by applying monopole corrections [50,51] to some
peculiar observed properties of Po isotopes with N < 126
[52]. In particular, we have focused on the experimental en-
ergy of yrast 2+ levels which remains almost constant going
from 208Po to 200Po, the 8+ and 6+ states whose energies differ
by only ≈10 keV giving an isomeric character to the 8+ states
[53], and the 2+

2 behavior which shows a sudden decrease
from 2290 keV in 210Po to 1263 keV in 208Po.

Our procedure leads to an increase in the absolute value
of the π0h9/2ν2p−1

1/2 monopole component by about 180 keV.
More precisely, the two corresponding Jπ = 4+ and 5+ matrix
elements slightly decrease, going from 49 to −41 keV and 22
to −68 keV, respectively, The weakness of the π0h9/2ν2p−1

1/2
interaction, which still persists after the modification, may be
explained by the reduced overlap between the neutron orbital,
with high principal quantum number and low angular momen-

tum, and the proton 0h9/2 orbital, as pointed out in Ref. [53],
where it was invoked to explain the validity of the seniority
scheme in Pb neighboring with Z > 82 and N < 126.

The new results are shown in column Calc2 of Tables I
and II. Note that for the calculation of the electromagnetic
properties the same effective charges and gyromagnetic fac-
tors of Calc1 are employed. It can be seen that Calc2 produces,
overall, negligible effects on the energy levels, moments
and E2 transition rates with respect to Calc1. Actually, the
B(E2; 8+ → 6+) is still underestimated by Calc2. However,
an apparent improvement is obtained on the B(M1; 2+

2 → 2+
1 )

transition.
This improvement arises from a change in the structure of

the 2+ states, as can be seen in Eqs. (5)–(7), where the 0+
1 , 2+

1 ,
and 2+

2 wave functions resulting from the modified interaction
are written in terms of the | 210Po〉 ⊗ | 206Pb〉 basis states:

| 208Po; 0+
gs〉 = 0.99| 206Pb; 0+

gs〉 ⊗ | 210Po; 0+
gs〉, (5)

| 208Po; 2+
1 〉 = 0.93| 206Pb; 2+

1 〉 ⊗ | 210Po; 0+
gs〉 + 0.34|206Pb; 0+

gs〉 ⊗ |210Po; 2+
1 〉, (6)

| 208Po; 2+
2 〉 = 0.33| 206Pb; 2+

1 〉 ⊗ | 210Po; 0+
gs〉 − 0.85| 206Pb; 0+

gs〉 ⊗ | 210Po; 2+
1 〉 − 0.33|206Pb; 2+

2 〉 ⊗ | 210Po; 0+
gs〉. (7)

The modified interaction leaves unchanged the ground-
state structure, while it significantly affects the 2+

1 and 2+
2

wave functions. As a matter of fact, the 2+
1 state acquires

a more symmetric superposition of the neutron and proton
components; the Jν = 0, Jπ = 2 and Jν = 2, Jπ = 0 compo-
nents differ now by a factor 7. A more significant change is
produced in the 2+

2 state, whose overlap with the one-phonon
MSS becomes 0.84 (70%) compared with 0.56 (34%) of
Calc1.

We can conclude this discussion by noting that although
the original interaction, which does not contain empirical
adjusted parameters, gives an overall good description of the
low-energies states in 208Po, it fails to describe properties
that are very sensitive to the structure of wave functions.
On the other hand, the slight overestimation of some B(E2)
transitions shows also limits of the Calc2 calculations, which
may be related to the choice of the effective charges as well as
to the need of a fine tuning of interaction matrix elements in
neutron-neutron and proton-proton channels. We would like
to mention that the 4+, 6+, and 8+ wave functions predicted
by both Calc1 and Calc2 show a more simple structure as
compared to the 2+ states. In fact, they are all dominated
by the configuration π (0h9/2)2ν(2p1/2)−2 with percentages of
≈70% and 80% in Calc1 and Calc2, respectively.

V. SUMMARY

In the present study we have measured the lifetimes of the
2+

1 and the 4+
1 states of 208Po by utilizing the RDDS method

in an α-transfer reaction experiment. The extracted transition
strengths together with the previously measured electromag-
netic properties of the decay of the 2+

2 state of 208Po were

compared to shell-model results obtained by using an effec-
tive interaction derived from the CD-Bonn nucleon-nucleon
potential. The comparison indicates that the description of
the properties of the 2+

1 and the 2+
2 states of 208Po requires

stronger neutron-proton correlations. We have therefore em-
ployed a modified interaction, whose π0h9/2ν2p−1

1/2 monopole
component was adjusted to reproduce some peculiar observed
properties of Po isotopes with N < 126. The introduced
change is sufficient to increase the isovector component of the
2+

2 state, leading to a good agreement with experimental data.
This confirms the suggestion that this state is, at least, a frag-
ment of the one-phonon mixed-symmetry state of 208Po. The
present study demonstrates the necessity to know the experi-
mental properties of both isoscalar and isovector quadrupole
states in order to find an appropriate microscopic descrip-
tion of these simplest collective excitations in even-even
nuclei.
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